The accumulation of storage lipids during the biodegradation of 2,6,10,14-tetramethylhexadecane (phytane) by Mycobacterium ratisbonense strain SD4 grown under nitrogen-starved conditions was investigated. Detailed chemical analysis of intracellular metabolites revealed the existence of (at least) three different pathways for the catabolism of phytane, and the accumulation of significant proportions (39% of the total lipids) of several isoprenoid wax esters formed by condensation of oxidation products of the hydrocarbon. In contrast, triacylglycerols but no wax esters were accumulated by strain SD4 grown on hexadecane, the unbranched homologue of phytane.
Introduction
Actinomycete bacteria are able to metabolize a wide spectrum of pollutants such as hydrocarbons, herbicides or other xenobiotic compounds (Finnerty, 1992; Warhurst & Fewson, 1994) , and possess the ability to survive in ecologically diverse habitats (Radwan et al., 1998; Warton et al., 2001; Aislabie et al., 2004; Alvarez et al., 2004) . These microorganisms have been isolated from many contaminated sites (Solano-Serena et al., 2000; Fathepure et al., 2005; Taki et al., 2007; Tomás-Gallardo et al., 2006) and have been used for in situ remediation procedures Ouyang et al., 2005) . The biodegradation of diverse hydrocarbons by actinomycetes has been demonstrated even under unbalanced growth conditions such as nitrogenstarved (N-starved or N-limiting) conditions, which are usually found in soil environments (Alvarez, 2003) . The understanding of the physiological and metabolic responses of soil actinomycetes to pollutants is thus of great importance for predicting and manipulating biodegradation activities in the environment.
Cultivation of actinomycetes and other bacteria under N-limiting conditions frequently promotes the incomplete catabolism of hydrocarbons and the incorporation of oxidation intermediates into neutral lipids (Alvarez & Steinbü-chel, 2002; Ishige et al., 2003) . In this context, Nocardia globerula 432 was shown to synthesize triacylglycerols containing branched fatty acids from the isoprenoid alkane pristane (2,6,10,14-tetramethylpentadecane) (Alvarez et al., 2001) , whereas Rhodococcus opacus PD630 grown on phenyldecane as sole carbon source accumulated a mixture of triacylglycerols and wax esters containing phenyldecanoic acid residues . In these bacteria, the type of neutral lipid synthesized seems to depend on the metabolites available for enzymes with wide substrate ranges (Kalscheuer et al., 2004) . identified the key enzyme for wax ester biosynthesis in Acinetobacter baylyi strain ADP1 (formerly Acinetobacter sp. strain ADP1), which is a novel multifunctional acyltransferase exhibiting both diacylglycerol acyltransferase (triacylglycerols-synthase) and acyl-CoA:fatty alcohol acyltransferase (wax ester-synthase) activities. This enzyme accepts a broad range of substrates including linear, cyclic and aromatic alcohols, a, o-alkanediols, sterols, and monoor di-acylglycerols (Kalscheuer et al., , 2004 Stöveken et al., 2005) . Daniel et al. (2004) identified 15 genes as triacylglycerols-synthases in Mycobacterium tuberculosis strain H37Rv whereas several homologues enzymes can be found among the available genome databases of actinomycetes, principally in Streptomyces, Mycobacterium and Rhodococcus genera.
Phytane (2,6,10,14-tetramethylhexadecane) is a widespread isoprenoid hydrocarbon, which can have an anthropogenic or a natural origin explaining its presence in marine sediments, tissues of men and animals, and shale or crude oils (Nakajima et al., 1985) . The presence of methyl branching in its carbon skeleton increases the resistance of phytane to biodegradation relative to linear hydrocarbons and, for this reason, this compound has often been used as 'inert' biomarker especially in studies of oil degradation (Atlas & Bartha, 1992) . Although the aerobic biodegradation of phytane by the yeast Torulopsis gropengiesseri (Jones, 1968) and by bacteria from genera Mycobacterium (Cox et al., 1975) and Rhodococcus (Nakajima et al., 1985) has been demonstrated, the possibility of formation of phytanederived neutral lipids by actinomycetes under N-starved conditions has never been reported. In this work, the metabolic flexibility of a Mycobacterium member (Mycobacterium ratisbonense strain SD4) for the degradation of phytane and the formation of storage lipids under N-limiting conditions were thus examined.
Materials and methods

Synthesis of phytane
Phytane was produced from commercial phytol (3,7,11,15-tetramethylhexadec-2-en-1-ol; Sigma-Aldrich) by hydrogenolysis in ethanol with 5% (w/v) Palladium-CaCO 3 (SigmaAldrich) as described by Cox et al. (1975) , and purified by column chromatography on silica gel (Kieselgel 60, Merck) using n-hexane as eluent.
Microorganisms and culture conditions
The bacterial strains used in this study are listed in Table 1 . For growth experiments, cells were cultivated aerobically at 28 1C in nutrient broth medium (0.8%, w/v) or in mineral salts medium (MSM1) (Schlegel et al., 1961) 
Extraction and analysis of lipidic compounds
Freeze-dried cells were extracted with methanol-chloroform (MeOH-CHCl 3 , 1 : 2, v/v). An aliquot of the whole cells extract was analyzed by thin-layer chromatography (TLC) on 60F254 silica gel plates (Merck) applying n-hexanediethyl ether-acetic acid (80 : 20 : 1, v/v/v) as a solvent system. Lipid fractions were revealed using iodine vapour. Tripalmitin and cetylpalmitate (Merck) were used as standards. The rest of the total lipid extract was chromatographed over a wet packed (n-hexane) column of silica gel and four fractions were eluted with n-hexane, n-hexanedichloromethane (1 : 1, v/v), dichloromethane and MeOH yielding hydrocarbons, wax esters, alcohols and more polar lipids (e.g. acids), respectively. An aliquot of the wax ester 
Results
Screening of phytane-degrading bacteria
Four actinomycete strains were tested for their potential to degrade phytane under balanced (N-sufficient) growth conditions (Table 1 ). All strains were able to grow on phytane as sole carbon and energy sources but this branched hydrocarbon supported good growth, especially of Mycobacterium members. Accordingly, M. ratisbonense strain SD4 was selected for further studies for the following reasons: (1) it grows in MSM1 containing phytane as carbon source; (2) it produces neutral lipids from diverse carbon sources, and (3) information on its ability to degrade other branched hydrocarbons such as squalane is available .
Wax ester fraction analysis
To detect the presence of metabolic intermediates of phytane together with the eventual accumulation of related neutral lipids in cells of strain SD4 grown on phytane under N-starved conditions, the chemical composition of three different lipid fractions obtained from whole cells extracts (see 'Materials and methods') was analyzed. The so-called 'wax ester fraction' of phytane-grown cells represented c. 39% of the total lipid extract (by dry weight), whereas the alcohol and the fatty acid fractions accounted for c. 40% and 21%, respectively. GC-MS analysis of the wax ester fraction revealed the presence of a mixture of isoprenoid wax esters formed by condensation of 2,6,10,14-tetramethylhexadecan-1-ol or 3,7,11,15-tetramethylhexadecan-2-ol with 2,6,10,14-tetramethyl-C 16 , 3,7,11,15-tetramethyl-C 16 , 4,8,12-trimethyl-C 14 , 2,6,10-trimethyl-C 12 or 4,8-dimethyl-C 10 acids (compounds 1-9, Fig. 1 and Table 2 ). Compound 4, 7 and 8, Table 2 for compound assignments. representing respectively c. 35%, 44% and 16% of the total waxes, were the most abundant wax esters accumulated by phytane-grown cells ( Fig. 1 and Table 2 ). The structural identification of wax esters was based on interpretation of their mass spectra (Fig. 2) and on the comparison of retention times and mass spectrometric fragmentations with those of synthetic standards (Rontani et al., 1999) . Some structural assignments were confirmed by the proportion of alcohols and acids formed upon hydrolysis. Saponification with aqueous 1 M KOH in MeOH only induced the partial hydrolysis of the major wax ester 4 and the proportional release of 2,6,10,14-tetramethylhexadecan-1-ol and 4,8,12-trimethyltetradecanoic acid (results not shown). Compound 4 was thus unambiguously identified as 2,6,10,14-tetramethylhexadecyl-4,8,12-trimethyltetradecanoate (Fig. 2a) . The incomplete hydrolysis of isoprenoid wax esters by aqueous KOH had already been observed by Gellerman et al. (1975) . On the other hand, all wax esters accumulated by strain SD4 were quantitatively hydrolyzed by refluxing 3 h in MeOH with 10% H 2 SO 4 (v/v), but the diversity of the hydrolysis products did not allow the clearcut identification of all the original esters ( Table 2 ). The molecular weight (MW) of compounds 7 and 8 (MW = 592) indicated C 40 wax esters. The comparison of their mass spectra with those of synthetic 3,7,11,15-tetramethylhexadecyl-3,7,11,15-tetramethylhexadecanoate (i.e. phytanyl-phytanate) clearly indicated distinct structures. Moreover, compound 7 exhibited a very comparable fragmentation pattern than that of synthetic 2,6,10,14-tetramethylpentadecyl-2,6,10,14-tetramethylpentadecanoate (i.e. pristanic-pristanate) although this latter compound has two carbon atoms less. Accordingly, compound 7 was tentatively identified as 2,6,10,14-tetramethylhexadecyl-2,6,10,14-tetramethylhexadecanoate (Fig. 2b) . No compound with MW and chemical structure compatible with triacylglycerols were detected during GC-MS analysis of phytane-grown cells.
Remarkably, when strain SD4 was studied for its capability to synthesize and accumulate neutral lipids from gluconate or hexadecane (the unbranched homologue of phytane) under N-starved conditions, TLC analyses revealed the accumulation of triacylglycerols (R f = 0.56 AE 0.03) but no wax ester (R f of the reference compound = 0.89 AE 0.01) for both substrates (Fig. 3) . Triacylglycerols were composed of straight chain fatty acids ranging from C 14 to C 18 as usually observed in nocardioform bacteria (data not shown).
Other major metabolites of phytane oxidation
In addition to the different waxes described above, several other oxidation products of phytane were detected in the different lipid fractions considered. The analysis of the socalled 'alcohol fraction' (representing c. 40% of the total lipid extract) revealed the strong predominance of 2,6,10, 14-tetramethylhexadecan-1-ol and 3,7,11,15-tetramethylhexadecan-2-ol (results not shown) whereas 2,6,10,14-tetramethylhexadecanoic acid was the main isoprenoid fatty acid present in the acid fraction (representing c. 21% of the total lipid extract) together with 3,7,11,15-tetramethylhexadecanoic and 2-ethyl-6,10,14-trimethylpentadecanoic acids (Fig. 4) .
Discussion
The results of this study demonstrate that M. ratisbonense strain SD4 can degrade phytane still under N-starved conditions and can synthesize related isoprenoid wax esters as storage lipid compounds. The relative proportions of the different free and esterified (i.e. waxes) metabolites detected indicate that the initial oxidation of phytane by strain SD4 occurs essentially ( 4 75% based on the relative amounts of the different free and esterified metabolites detected) at the isopropyl side (C 1 ) and at the subterminal carbon of the ethyl-terminus (C o À 1 ) of the molecule yielding 2,6,10,14-tetramethylhexadecan-1-ol and 3,7,11,15-tetramethylhexadecan-2-ol, respectively (Fig. 5) . In addition to its partial incorporation into the wax pool (Table 2 and Fig. 2) , 2,6,10,14-tetramethylhexadecan-1-ol can be further oxidized to the corresponding acid and subsequently b-oxidized to shorter branched fatty acids as demonstrated by the detection of 2,6,10,14-tetramethylhexadecanoic, 4,8,12-trimethyltetradecanoic, 2,6,10-trimethyldodecanoic and 4,8-dimethyldecanoic acids (Table 2 and Fig. 2) . Part of all these acids were also incorporated into storage waxes (Table 2 and 5 ). The second major C 20 isoprenoid alcohol formed by strain SD4 (i.e. 3,7,11,15-tetramethylhexadecan-2-ol) was also both partly incorporated into the wax fraction (Table 2) and partly oxidized to the corresponding C 20 ketone (Figs 2 and 5). This latter can be further metabolized through an oxidation sequence involving (1) the enzymatic formation of 6,10,14-trimethylpentadecan-2-ol (via an ester not detected) by a process analogous to Baeyer-Villiger oxidation with peracids (Fig. 5) (Rontani et al., 1999) and, (2) the production of 3,7,11-trimethyldodecanoic acid by carboxylation of 6,10,14-trimethylpentadecan-2-one (not detected), subsequent decarboxylation and b-oxidation (Rontani et al., 2003) . The oxidation of phytane by strain SD4 also occurs (albeit to a lesser extent) at the terminal carbon of the ethyl-terminus (C o ) and at the methyl group situated a to this ethyl-terminus as demonstrated by the detection of 3, 7, 11, 10, respectively (Figs 4 and 5) . Owing to the presence of a b-methyl branch, further oxidation of 3,7,11,15-tetramethylhexadecanoic acid cannot proceed directly by b-oxidation but likely involves a b-decarboxymethylation sequence followed by b-oxidation (Rontani et al., 1999) to produce 3,7,11-trimethyldodecanoic acid (Fig. 5) . The involvement of an alternative strategy such as a-oxidation (Rontani et al., 1999) or o-oxidation ('Citronellol pathway') appears unlikely since any trace of (free or esterified) isoprenoid fatty acids that would have derived from these processes (i.e. 2,6,10,14-tetramethylpentadecanoic or 4,8, 12-trimethyltridecanoic acids and branched dicarboxylic acids, respectively) could not be detected. On the other hand, none of the isoprenoid fatty acids that could have been produced by b-oxidation of 2-ethyl-6,10,14-trimethylpentadecanoic acid (such as 4,8,12-trimethyltridecanoic, 2,6,10-trimethylundecanoic acids) was detected among the free and the esterified acids of M. ratisbonense, suggesting that this C 20 isoprenoid fatty acid could not be further degraded by the strain, probably due to steric hindrance. It is however noteworthy that very small proportions of this acid and of the corresponding alcohol were released from the transesterification of the wax fraction, indicating that these ethylated compounds can still be partly esterified by strain SD4. Some of the free metabolites detected in the present study were previously reported in other phytane-degrading microorganisms (Jones, 1968; Cox et al., 1975; Nakajima et al., 1985) , but only two main patterns of degradation of phytane had been proposed so far: oxidation at the isopropyl terminus (C 1 ) followed by a classical b-oxidation sequence, or oxidation at the ethyl terminus (C o ) followed by a-oxidation and subsequent decarboxylation to pristanic acid (2,6,10,14-tetramethylpentadecanoic acid), which can undergo a classical b-oxidation sequence. Here, the existence of other pathways for the metabolism of phytane by actinomycetes and the possibility for part of the metabolites to be incorporated into intracellular neutral lipids are demonstrated.
The accumulation of waxes and the absence of triacylglycerols in M. ratisbonense SD4 during cultivation on phytane as sole carbon source indicate that isoprenoid long chain alcohols and fatty acyl-intermediates were available for wax esters biosynthesis after the partial oxidation of the isoprenoid hydrocarbon, and suggest that strain SD4 does not possess an efficient mechanism for the production of glycerol intermediates during cultivation on phytane under N-starved conditions. Interestingly, strain SD4 synthesized and accumulated triacylglycerols during growth on gluconate or hexadecane, as sole carbon and energy sources. The accumulation of triacylglycerols is a usual feature of actinomycetes bacteria from the genera Rhodococcus, Nocardia and Mycobacterium Alvarez, 2003) . It can thus be assumed that, under the conditions used, M. ratisbonense strain SD4 possesses triacylglycerols/ wax ester synthase/s with a broad specificity able to utilize diverse phytane-deriving isoprenoid alcohols and fatty acylresidues for the biosynthesis of different isoprenoid wax esters. These results support the statement of Kalscheuer et al. (2004) that triacylglycerols/wax ester synthases are promiscuous acyltransferases with low substrate specificity, and that the type of lipids synthesized by these enzymes in vivo depends on the availability of substrates for the enzyme in the metabolic context of the cells. The biosynthesis and accumulation of isoprenoid wax esters by phytane-grown cells of strain SD4 may be a physiological relevant process, since highly branched fatty acids obtained from the catabolism of phytane may not be suitable for maintaining the functional fluidity of cellular membranes, and therefore they may be transferred to the wax ester pool. The accumulation of triacylglycerols and wax esters in actinomycetes may play a role in regulating the fatty acid composition of membrane lipids, in order to adapt their fluidity to the environment Alvarez, 2006) . It is noteworthy that the production of a unique polyunsaturated isoprenoid wax ester was observed during the aerobic metabolism of squalene by the marine Gram-negative bacteria Marinobacter squalenivorans (Rontani et al., 2003) , indicating that the formation of wax esters from isoprenoid hydrocarbons is not limited to actinomycetes.
Overall, results of this study indicate that the lipid metabolism of M. ratisbonense SD4 is versatile and adaptable to a wide range of metabolic environments. The biosynthesis and accumulation of neutral lipids may constitute a mechanism for preserving the cellular membrane integrity and/ or act as a metabolic balance during hydrocarbon degradation under unbalanced growth conditions, neutralizing the excess of metabolites, which could have toxic effects for cells. These features make actinomycetes bacteria useful tools for bioremediation of environments contaminated with hydrocarbons and for the production of novel compounds with eventual biotechnological potential.
